The impact of manufacturing transfer in Jiangsu province, China, on the spatial-temporal variations of SO 2 emissions is investigated using estimated sector-specific SO 2 emissions, and , respectively. The paper reveals that structure adjustments should be executed in a timely manner in the manufacturing transfer-in process so that the transfer-in regions can benefit from the economic boom without bearing a deteriorated environment.
Introduction
At present, developing countries, especially China, are experiencing elevated emissions and concentrations of air pollutants [1-3], which not only degrade regional air quality, but also exert significant impacts on public health and the global climate [4] [5] [6] . Moreover, with the transfer of international industries and the upgrade of industrial structure, Asian countries, including China, are also undergoing challenges of air pollutants' transfer [7] [8] [9] . However, few studies have established correlations between pollution variations and source relocation, due to the fact of the large regional disparities in terms of economic development, physical geography, industry layout and Figure 1 . The study area, Jiangsu province, grouped into three regions: south, central and north. The south is the developed region, which includes Suzhou, Wuxi, Changzhou, Nanjing and Zhenjiang; the central is the developing region, which includes Yangzhou, Taizhou and Nantong; and the north is the undeveloped region, which includes Xuzhou, Suqian, Huai'an, Lianyungang and Yancheng.
Industrial SO2 emission in Jiangsu province reached 1.31 Mt (megatonne) in 2005 (Figure 2 ), accounting for 52% of the total SO2 emission in the Yangtze River Delta region, which is one of most developed and heavily-polluted regions in eastern China. During the same period, China has become the largest SO2 emitter in the world [20] . Under such a circumstance, policies for reducing SO2 emissions, such as clean production, industrial restructuring and eco-environmental policies, were actively implemented [21] [22] [23] [24] . While the total industrial SO2 emissions in Jiangsu province were reduced by 26.7% during 2001-2005 to 0.96 Mt in 2010 and surpassed the original goal of a 10% reduction, the manufacturing sector did not reach the goal (Figure 2) . Similarly, many studies have been conducted to examine the SO2 issues in the total industrial sector and coal-fired power plants nationwide and in specific provinces or cities [22, 25, 26] , while little attention has been paid to the manufacturing sector. The south is the developed region, which includes Suzhou, Wuxi, Changzhou, Nanjing and Zhenjiang; the central is the developing region, which includes Yangzhou, Taizhou and Nantong; and the north is the undeveloped region, which includes Xuzhou, Suqian, Huai'an, Lianyungang and Yancheng.
Industrial SO 2 emission in Jiangsu province reached 1.31 Mt (megatonne) in 2005 (Figure 2 ), accounting for 52% of the total SO 2 emission in the Yangtze River Delta region, which is one of most developed and heavily-polluted regions in eastern China. During the same period, China has become the largest SO 2 emitter in the world [20] . Under such a circumstance, policies for reducing SO 2 emissions, such as clean production, industrial restructuring and eco-environmental policies, were actively implemented [21] [22] [23] [24] . While the total industrial SO 2 emissions in Jiangsu province were reduced by 26.7% during 2001-2005 to 0.96 Mt in 2010 and surpassed the original goal of a 10% reduction, the manufacturing sector did not reach the goal (Figure 2) . Similarly, many studies have been conducted to examine the SO 2 issues in the total industrial sector and coal-fired power plants nationwide and in specific provinces or cities [22, 25, 26] , while little attention has been paid to the manufacturing sector. As time goes by, the distribution of the manufacturing base has changed, and the center has been slowly moved from the southeast region to the northwest in Jiangsu province [27, 28] . In 2005, the Chinese government implemented the policy of the "Advices of Promoting Industrial South-North Transfer in Jiangsu Province". Subsequently, the manufacturing sector in the region has formed a typical "enclave development area" named "South-North Co-Building Industrial Parks (SNCBIP)". In May 2007, the drinking water crisis in Wuxi city (Figure 1 ) sped up the process, since the local government quickly implemented a stringent environmental policy, especially in high-energy-consuming and heavy-polluting sectors, such as textile, paper, chemical, ferrous and non-metallic subsectors [27] [28] [29] . Based on official statistics, the number of transfer enterprises was 291 in 2006 and then reached 356 in 2011, and about 94% enterprises rebuilt in the north or transferred their production departments to the north (Table 1) . One example of the benefits from the relocation and evolution of some manufacturing sectors was the improvement in the environment surrounding Lake Taihu, e.g., the total SO2 emissions in Suzhou, Changzhou and Wuxi reduced from 0.45 Mt in 2006 to 0.31 Mt in 2009 with a 32.5% reduction in three years [12, 14, 30, 31] . However, quantitative studies on SO2 emission are still lacking in this region. 2006  291  278  0  13  2008  417  397  9  10  2010  356  325  11  20 Note: data were calculated using the available website [32] .
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The present study aims to quantify the spatial and temporal distribution characteristics of SO2 emissions produced by the manufacturing sector across Jiangsu province, and to investigate the impact of manufacturing redistribution on emission changes. Results generated in this study are expected to provide a scientific basis for making future sustainable development policies for the manufacturing sector and also offer concerted air pollution control strategies for both local and regional economic development and environmental benefits. As time goes by, the distribution of the manufacturing base has changed, and the center has been slowly moved from the southeast region to the northwest in Jiangsu province [27, 28] . In 2005, the Chinese government implemented the policy of the "Advices of Promoting Industrial South-North Transfer in Jiangsu Province". Subsequently, the manufacturing sector in the region has formed a typical "enclave development area" named "South-North Co-Building Industrial Parks (SNCBIP)". In May 2007, the drinking water crisis in Wuxi city (Figure 1 ) sped up the process, since the local government quickly implemented a stringent environmental policy, especially in high-energy-consuming and heavy-polluting sectors, such as textile, paper, chemical, ferrous and non-metallic subsectors [27] [28] [29] . Based on official statistics, the number of transfer enterprises was 291 in 2006 and then reached 356 in 2011, and about 94% enterprises rebuilt in the north or transferred their production departments to the north (Table 1) . One example of the benefits from the relocation and evolution of some manufacturing sectors was the improvement in the environment surrounding Lake Taihu, e.g., the total SO 2 emissions in Suzhou, Changzhou and Wuxi reduced from 0.45 Mt in 2006 to 0.31 Mt in 2009 with a 32.5% reduction in three years [12, 14, 30, 31] . However, quantitative studies on SO 2 emission are still lacking in this region. 2006  291  278  0  13  2008  417  397  9  10  2010  356  325  11  20 Note: data were calculated using the available website [32] .
The present study aims to quantify the spatial and temporal distribution characteristics of SO 2 emissions produced by the manufacturing sector across Jiangsu province, and to investigate the impact of manufacturing redistribution on emission changes. Results generated in this study are expected to provide a scientific basis for making future sustainable development policies for the manufacturing Atmosphere 2016, 7, 69 4 of 18 sector and also offer concerted air pollution control strategies for both local and regional economic development and environmental benefits.
Methodology and Data

SO 2 Emission Estimation
High resolutions of spatial and temporal SO 2 emission data are needed to calculate the accurate emission of the individual manufacturing subsector in the special year, further to explore the impact of manufacturing industry redistribution on SO 2 emissions' distribution. However, such datasets were not readily available [33] . In order to exclude the SO 2 emissions from the self-addition of individual manufacturing subsectors in one region, the following hypothesizes were made: (1) the technology level was the same in the same subsector, which was equal to that at the national level; (2) the emission intensity at the city scale was the same as that at the national scale in the same subsector. With reference to He et al. [27] and Tao et al. [34] , SO 2 emissions (E i ) were estimated and are shown in Figure 3 . The detailed equation is:
where e i and G i are the SO 2 emission intensity per GDP and the GDP of manufacturing subsector i, respectively. Due to the constraint of SO 2 emission intensity from the manufacturing sector in China [35] , e i in this study is estimated from the national SO 2 emission and its GDP in the i manufacturing subsector (the related data of national SO 2 
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Decomposition of SO2 Emissions
The main goal of the present study is to identify SO2 emission changes and influencing factors. Decomposition analysis is an effective method to distribute emission changes to the contributions of several independent variables, as has been demonstrated in earlier studies [21, 35, 36] . Here, the logarithmic mean Divisia index model [37, 38] is adopted as a refined decomposition method as described in Lu et al. [24] . In this method, four well-known determinants are taken into consideration, including pollution abatement, cleaner production, industrial structure and the scale of industrial economic output. 
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The main goal of the present study is to identify SO 2 emission changes and influencing factors. Decomposition analysis is an effective method to distribute emission changes to the contributions of several independent variables, as has been demonstrated in earlier studies [21, 35, 36] . Here, the logarithmic mean Divisia index model [37, 38] is adopted as a refined decomposition method as Atmosphere 2016, 7, 69 5 of 18 described in Lu et al. [24] . In this method, four well-known determinants are taken into consideration, including pollution abatement, cleaner production, industrial structure and the scale of industrial economic output.
Firstly, a traditional strategy to reduce pollutant emissions is exhaust treatment. In the 1970s and 1980s, pollution abatement was regarded as the focus of environmental protection, including desulphurization and dust removal. Even during 2001-2010, pollution abatement was still an important measure to achieve pollution reduction targets [36] . The advantages of pollution abatement are due to the mature technology that will not affect the whole production process [39] .
Secondly, it is insufficient to treat pollutants from the end product; instead, they need to be prevented from the very first step of production. That is to say, reducing pollution generation intensity is the new direction of environmental protection [40] . This can be achieved through either using cleaner production technology or cleaner energy. Adopting cleaner production technology will consume less energy and produce lower amounts of pollutants while keeping the same product output. Using cleaner energy will adjust the energy structure to reduce pollution emissions. In the long run, adopting cleaner production technology will bring more benefits at relatively low costs [41] [42] [43] . Hence, reducing pollution from the very first step though cleaner production, rather than pollution abatement at end-of-pipe treatment, is a permanent pathway. China has taken a series of pollution control measures, such as encouraging utilization of clean materials and fuels to reduce pollution, since 1997 [44, 45] .
Thirdly, owing to regional differences in resource endowments and economic development level, industrial structure is a crucial factor influencing pollution emissions, which can be either positive or negative [46] . From a global perspective, the developed countries specialized in high pollution products, while the developing countries were far behind. Industrial structure changes may sometimes increase global pollutant emissions [47, 48] . This happens if manufacturing sectors with high emission intensities grow faster than those with low emission intensities, causing a faster increasing rate in emissions than the growth rate in income [35, 49] .
Fourthly, the scale of industrial economic output is expected to be a "pollution-increasing" factor. Grossman stated that an increase in economic output means a proportionate increase in pollution [50] . However, such a relationship will be reversed by the improvement of the industrial structure and production technology [51, 52] .
In this study, the method of the refined logarithmic mean Divisia index described in Ang and Liu [38] is used. Based on the above analysis, we define the variable E i as the SO 2 emissions of the i manufacturing sector, and E is the total SO 2 emissions of all of the sectors. T i and G i are the SO 2 generation amount and the GDP of the i manufacturing sector, respectively. V is the total GDP. The total emission can be expressed as:
where R i = E i /T i is the emission ratio of the i manufacturing sector, representing the abatement level.
A lower R i means a higher abatement level. I i = T i /G i is the SO 2 generation intensity, indicating a cleaner production level. S i = G i /V is the GDP share of sector i, representing the industrial structure.
To study how the aggregate emissions are affected by the factors on the right-hand side of Equation (2) over time, we take the difference of Equation (2) over the time interval [t´1, t]:
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Because the change of emissions is influenced by the four factors R, I, S and V, the inter-annual change in emission is defined as:
where R effect , I effect , S effect and V effect are the effects of pollution abatement, cleaner production, industrial structure and industrial scale, respectively, representing the contributions of each factor to the SO 2 emissions' change.
Meanwhile, let i pt˚q "´E t i´E t´1 i¯{´l nE t i´l nE t´1 i¯; the additive decomposition can be written as:
and then:
I e f f ect "
S e f f ect "
Shift-Share Analysis of Manufacturing
A Shift-Share Model (SSM) is employed to explain changes in different sectors and to examine whether a sector is active in Jiangsu province. This model has been widely used to describe regional and industrial economic growth and to examine the structural effect and regional or industrial competiveness [53, 54] . In this study, the SSM is adopted with reference to Chen and Xu [54] .
where D ij is the j sector's competitive component of region i, b t ij is the j sector's GDP of region i, R t j is the GDP of the j sector in the benchmark region in the calculation year t, b t´1 ij is the j sector's GDP of region I and R t´1 j is the GDP of the j sector in the benchmark region in the base year t´1, respectively. As shown in Equation (10), the D value represents the developing speed superiority of the j sector in region i over the benchmark region's counterpart. If D ij > 0, the j sector is active in region i, in which healthy sectors take a large share; if D ij < 0, the j sector is non-competitive in region i, in which weak sectors take a large share. In some period, if the j sector has lost its competitiveness in region i, that is D ij < 0, this indicates that the j sector is transferred out from region i. Similarly, if the j sector has its competitive edge in region i, that is D ij > 0, this indicates that the j sector is transferred to region i.
Estimate SO 2 Emissions of Manufacturing Transfer
In this study, the SO 2 emission of manufacturing transfer over the time interval [t´1, t] is adopted with reference to He et al. [27] : (11) where P ij is the SO 2 emission of the j subsector transfer in the region i, D ij is the same as in Equation (10) and e t j is the SO 2 emission intensity per GDP of manufacturing subsector j in the t year, respectively.
Data Sources
The study period is chosen to be from 2000-2011. The GDP data in all manufacturing sectors are directly extracted from the 2001-2012 JSPBS datasets. The first communique of pollution sources [55] and the statistical results suggested that the non-metallic, chemical, non-ferrous, ferrous, textile, paper, chemical fiber and oil subsectors are the main contributors to the total SO 2 emissions, accounting for 71%-88% of the emissions from the whole manufacturing sector during 2000-2011. The eight subsectors accounted for 39.5%-50.6% of the total number transferred from the south to the north during 2006-2010 (Tables 1 and 2 ). These eight subsectors are selected as the key subject in this study. The total SO 2 emissions here are defined as the sum of SO 2 emissions from these eight subsectors. 2006  14  65  12  2  12  8  2  0  115  2007  14  72  8  8  13  1  3  0  119  2008  20  89  6  11  23  7  0  0  156  2010  30  99  7  12  25  0  7  0  180 Note: data were calculated using the available website [32] .
Results
Temporal Variations of SO 2 Emissions
Based on the temporal trend of the total SO 2 emissions in Jiangsu province, the study period can be divided into three phases ( 
Spatial Variations of Regional SO 2 Emissions
During the period of 2000-2011, the south region was the main contributor, accounting for~70% of the total SO 2 emissions, and the other two regions contributed a similar amount (Figure 4 Generally, SO 2 emissions from the manufacturing industry had significant regional differences in Jiangsu province, which was similar to the industrial SO 2 emissions in Jiangsu [56] and the national trend in China [57, 58] .
Decomposition Analysis of SO 2 Emissions
To further analyze the characteristics of regional SO 2 emissions, its sector decomposition is studied using Equations (5)- (9), and the results are shown in Tables 3-5 respectively. A negative value means emission-reduction from the calculation year to the base year. The value does not represent the absolute increase/decrease amount of SO 2 emissions. For instance, the cleaner production technology effect reflects the contribution of the technology factor to the emissions change between the calculation year and the base year, not the absolute reduction amount of SO 2 emissions due to technology in the calculation year. In the whole province, the inter-annual fluctuations and the decompositions of SO 2 emissions are shown in Table 3 . I effect contributed to reduced emissions, while both R effect and S effect acted as the same contribution in some specific years, e.g., R effect had a removal rate of 83.0% and made SO 2 As for regional decomposition (Table 4) , I effect also contributed to reduced emissions, while V effect was the opposite. In all manufacturing subsectors (Table 5) During 2000-2005, most of the D values for the eight subsectors were positive in the south and negative in the north, indicating that these subsectors had not been transferred from the central and north to the south. During that period, manufacturing, especially for the chemical subsector in the south, was booming for the regional developments along the Yangtze River and along the Hu-Ning expressway, while the center and north regions were left for further development [27] . Thus, it could be concluded that those subsectors, such as the chemical, chemical fiber, textile and ferrous subsectors, are clustering and had a stronger competitive advantage in the south, which is attributed During 2000-2005, most of the D values for the eight subsectors were positive in the south and negative in the north, indicating that these subsectors had not been transferred from the central and north to the south. During that period, manufacturing, especially for the chemical subsector in the south, was booming for the regional developments along the Yangtze River and along the Hu-Ning expressway, while the center and north regions were left for further development [27] . Thus, it could be concluded that those subsectors, such as the chemical, chemical fiber, textile and ferrous subsectors, are clustering and had a stronger competitive advantage in the south, which is attributed to the transfer from other developed regions outside the province, such as Shanghai and foreign countries [59] ; while in the north, the industrial economic level was low and the industrial structure was simple, which led to the negative D values. The clustering pattern changed since 2005, which was attributed to regional policies, such as the industry belt along Long-Hai railway and the Advices of Promoting Industrial South-North Transfer in Jiangsu Province after 2004 [27] .
During 2005-2008, the estimated D values for these five subsectors (non-metallic, chemical, non-ferrous, ferrous, textile, paper sector) were negative in the south and the opposite in the central and north, from which we can conclude that these subsectors, especially the chemical and textile sector had, transferred from the south to the central and north (Table 6) Compared to the D values ( Figure 6 and Table 6 ) and the official data on the transfer of enterprise (Tables 1 and 2 
SO 2 Emissions for Manufacturing Transfer
Based on Section 3.4, manufacturing transfer was only found in the south during 2000-2005, while the pattern was formed that manufacturing subsectors transferred from the south to the Central and north during 2005-2008 and 2008-2011 . Therefore, the SO 2 emissions of the manufacturing transfer during the two periods were estimated by Equation (11) and are shown in Table 7 . 2 emissions, which were from the south and central. In that period, these subsectors, including the non-metallic and ferrous subsectors in the south and the non-metallic and non-ferrous subsectors in the central, had larger SO 2 emissions that were transferred out. Certainly, the north had 4.63 Mt emissions transferred only from the non-metallic and ferrous subsectors, which accounted for 62.1% of the total SO 2 emissions transferred in (7.46 Mt).
Accounting to all of the transferred SO 2 emissions of the eight subsectors transferred together, the south, central and north showed´12. 36 
Discussion
In the eight typical manufacturing subsectors, the total SO 2 emissions increased from 0.99 Mt in 2000 to 1.82 Mt in 2011, though the emissions decreased by 22.1% from 2005-2011 in Jiangsu province. The increasing trend for the total SO 2 emissions was in agreement with the trend of SO 2 deposition [60] . Meanwhile, regional nitrogen emissions and depositions also increased [60] [61] [62] . This changed the compositions of acid rain [63, 64] and brought a new challenge for the regional eco-environment and the regional economies [26, 65, 66] . (Tables 3-5 ) and related subsectors transferred from the south to the central and north (Figure 6 and Table 6 ).
(2) Unforeseen conditions: In 2007, the Lake Taihu water pollution incident occurred. Since its pollution sources were located in the south, such as Wuxi, Changzhou and Suzhou, parts of high-energy-consuming and heavy-polluting industries, such as the textile, chemical, ferrous and non-metallic subsectors, were forced to relocate to the north, such as Suqian, Lianyungang and Yancheng. In 2008, the global financial crisis broke out and also negatively impacted the whole manufacturing sector in Jiangsu province. Many factories in the south or central were forced to suspend operations, declare bankruptcy or relocated to the central or north. Meanwhile, to achieve the target of a high GDP ratio and against the financial crisis, both governments and businessmen paid more attention to GDP and made measures to expand domestic demand even more to promote the development of the domestic market, but in the moving process, pollution emissions were neglected, especially in pollution abatements. These might be important reasons that SO 2 (4) Government actions: The government played a leading role in the environmental protection, but in many cases, the government was also the cause of environmental degradation [67] . Furthermore, the government created sound conditions for regional industrial development by implementing "top-down" macro-policies that focused development on selected subsectors and regions [68] . Regardless of the SO 2 emission reduction or the manufacturing transfer, the government would play an important role without dispute [68, 69] .
Conclusions
The manufacturing SO 2 emissions in Jiangsu province still increased during 2000-2011, though the emissions had a reduction during 2005-2010. Regionally, the south was the main region for SO 2 emissions and dominated the total emission trend of the whole of Jiangsu province. During 2000-2011, the cleaner production level contributed to reducing the SO 2 emissions, while the industrial scale level was the opposite. The output structure level had not fully played its role in decreasing the emissions. Both the levels of the output structure and pollution abatement played key roles in specific years. 
